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BACKGROUND: In older adults, selenium status has been positively associated with cognitive function. We recently reported a positive association
between maternal selenium status in pregnancy and children’s cognitive function at 1.5 y.
OBJECTIVE:We followed up the children to assess if prenatal and childhood selenium status was associated with cognitive abilities at 5 and 10 y.

METHODS: This longitudinal cohort study was nested in Maternal and Infant Nutrition Interventions in Matlab (MINIMat), a population-based, random-
ized supplementation trial in pregnancy in rural Bangladesh. Selenium in maternal blood [erythrocyte fraction (Ery-Se) at baseline] and in child hair and
urine was measured using inductively coupled plasma mass spectrometry. Children’s cognition at 5 and 10 y was assessed using the Wechsler Preschool
and Primary Scale of Intelligence™ and the Wechsler Intelligence Scale for Children®, respectively. In total, 1,408 children were included.

RESULTS: Multivariable-adjusted linear regression analyses showed that prenatal selenium status was positively associated with children’s cognitive
function at 5 and 10 y. An increase in maternal Ery-Se from the fifth to the 95th percentile [median: 0:44 lg=g hemoglobin (Hb)] was associated with
an increase in full developmental score of 3.5 [95% confidence interval (CI): 0.1, 7.0], corresponding to 0.16 standard deviation (SD) at 5 y, and 8.1
(95% CI: 3.8, 13), corresponding to 0.24 SD at 10 y. In addition, urine and hair selenium concentrations at 5 and 10 y of age were positively associ-
ated with cognitive function at 10 y, although associations were inverse for concentrations ≥98th percentile. Some associations were slightly stronger
for girls than for boys.
CONCLUSIONS:Measures of prenatal and childhood (below the 98th percentile) selenium status were associated with higher cognitive function scores
at 5 and 10 y of age. https://doi.org/10.1289/EHP1691

Introduction
Selenium deficiency has been associated with cognitive decline
in the elderly (Akbaraly et al. 2007; Gao et al. 2007; Rita
Cardoso et al. 2014). Animal studies suggest that selenium sup-
plementation may prevent dopamine loss, degeneration of neu-
rons, and lipid peroxidation in the brain induced by exposure to
various pro-oxidative toxicants (al-Deeb et al. 1995; Imam et al.
1999; Zafar et al. 2003). These findings suggest that selenium
may help maintain cognitive function. Selenium functions as an
essential component of antioxidant systems such as glutathione
peroxidases and thioredoxin reductases, and it is also incorpo-
rated into iodothyronine deiodinases, which are involved in thy-
roid hormone metabolism (Roman et al. 2014). All of these
systems are important for brain function as well as for neurode-
velopment. However, little is known about the potential impact
of poor selenium status on neurodevelopment and if there are
critical early-life windows for effects of selenium on brain func-
tion later in life.

In animal studies, selenium deficiency during gestation
affected markers of neurological development in rat offspring
(Mitchell et al. 1998), and maternal selenium supplementation
was negatively associated with anxiety-like behavior in pups and
positively associated with cognitive function in adulthood
(Laureano-Melo et al. 2015). In a Chinese study (n=927), cord

blood selenium concentrations were positively associated with
children’s neonatal behavioral neurological assessments scores
(reflexes, passive tone, active tone, behavior, and general assess-
ment) at 3 d of age (Yang et al. 2013). In addition, we recently
showed that maternal erythrocyte selenium (Ery-Se) in late preg-
nancy was positively associated with children’s cognitive func-
tion at 1.5 y of age in rural Bangladesh (n=750; Skröder et al.
2015). Subsequently, similar associations were indicated between
maternal plasma selenium in pregnancy and Polish children’s
psychomotor functions within the first years of life (n=410;
Polanska et al. 2016). A study evaluating potential effects of pol-
ychlorinated biphenyls, lead, and mercury on neuromotor func-
tion in Inuit preschool children (n=110; Després et al. 2005)
reported no observed beneficial effect of blood selenium on the
outcomes. However, these children all had very high concentra-
tions of blood selenium [whole blood average concentration of
402 lg=L, corresponding to intakes above the upper limit of
150 lg=d for 4–8-y-old children (IOM 2000)]. Thus, there are
clear gaps in knowledge about both beneficial intake levels of se-
lenium at different ages and potential effects of early-life selenium
on outcomes in older children. In the present study, we followed
up Bangladeshi children who were previously assessed at 1.5 y of
age to determine whether prenatal and concurrent selenium expo-
sures were associated with cognitive function at 5 and 10 y of age.

Methods

Study Area and Subjects
The study area and participants have been described in detail in
our previous publications (Hamadani et al. 2011; Kippler et al.
2012; Skröder et al. 2015; Gustin et al. 2017; Rahman et al.
2016). Briefly, the study area is Matlab, a rural area situated
53 km southeast of Dhaka, in Bangladesh. In this area, the
International Centre for Diarrhoeal Disease Research, Bangladesh
(icddr,b), has been collecting information via a health and demo-
graphic surveillance system (HDSS) over the past 60 y. Comm-
unity health workers visit all households in Matlab on a monthly
basis and collect information about vital events such as births,
deaths, and in- and out-migration; this information is used to
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continuously update the HDSS. The present cohort was nested in
a population-based randomized maternal and infant nutrition
intervention study (MINIMat; trial number ISRCTN16581394,
http://www.isrctn.com/ISRCTN16581394) that aimed to assess
the effects of food and micronutrient supplementation during
pregnancy (Persson et al. 2012). Women were recruited in early
pregnancy [at approximately gestational week (GW) 8] between
November 2001 and October 2003 and were randomly assigned to
begin one of three daily micronutrient supplements at the 14-wk
visit: 30 mg iron and 400 lg folic acid; 60 mg iron and 400 lg fo-
lic acid [the standard supplement for pregnant women recom-
mended by the World Health Organization (WHO 2002)]; or
30 mg iron and 400 lg folic acid plus 13 additional micronu-
trients (including 65 lg of selenium in the form of sodium sele-
nite). Micronutrient supplementation was combined with food
supplementation (608 kcal of energy and 18 g protein per day,
6 d=wk) that women were randomly invited to begin at enrollment
(early supplementation, GW9) or at the time of their choosing
(usual care, typically initiated at approximately GW20), for a total
of six intervention groups (Persson et al. 2012). We have previ-
ously reported that maternal selenium status in late pregnancy
(GW30) was similar for women in all six supplement groups
(n=729; Skröder et al. 2015). Eligibility criteria for enrollment in
MINIMat were viable fetus and gestational age <14 wk at the first
visit to the icddr,b health care facility (approximately GW8–10;
both assessed by ultrasound examination), no severe illness, and
written consent for participation (Persson et al. 2012).

For the present study, we invited children who were born
between October 2002 and November 2003, who participated in
the developmental follow-up at 1.5 and 5 y of age, and who were
alive and registered as residents in the study area at 10 y of age
(n=1,607). Of these, 1,530 (95%) agreed to participate (Figure
1). The main reasons for not participating were out-migration and
parents’ refusal. In total, 1,408 children had data for maternal se-
lenium in erythrocytes at GW14 and hemoglobin (Hb; required
for adjustment of selenium concentrations in erythrocytes) and
complete outcome and covariate data (described below) at 5 or
10 y. Longitudinal analyses of associations with prenatal sele-
nium included 1,260 children with outcomes measured at 5 y and
1,408 children with outcomes measured at 10 y. Out of these chil-
dren, cross-sectional analyses included those who had selenium
concentrations measured in urine at 5 y (n=1,234) or in urine
and hair at 10 y (n=1,330; Figure 1). Reasons for missing sele-
nium measurement at any time point included refusal (to provide
urine, blood, or hair), no hemoglobin measurement, or an inad-
equate blood or hair sample for analysis. Longitudinal analyses
of associations between selenium concentrations at 5 y and out-
comes at 10 y included 1,167 children with all of the abovemen-
tioned measurements. In our previous study, we used selenium
concentrations in blood collected at GW30 (Skröder et al. 2015),
but because more women had donated a blood sample at GW14,
we chose to analyze the GW14 samples for the present study,
which resulted in a much larger sample size.

The project was approved by the research and ethical review
committees at icddr,b as well as by the Regional Ethical Review
Board, Stockholm, Sweden, and was conducted in accordance
with the Helsinki Declaration. The mothers gave their written
consent at recruitment to MINIMat and again before the develop-
mental testing of the children at 5 and 10 y of age (Hamadani
et al. 2011; Persson et al. 2012).

Element Analyses
Erythrocyte selenium (Ery-Se) has been suggested to be a suita-
ble biomarker of long-term selenium status (Ashton et al. 2009)
and was used as such in both our previous study (follow-up at

1.5 y; Skröder et al. 2015) and the present study. Mothers’ blood
samples were collected in 5:5-mL Li-heparin tubes at GW14.
Blood collection was performed at health care facilities in 2001–
2003, whereupon the samples were transferred to the hospital lab-
oratory for separation of plasma and erythrocytes. Selenium in
erythrocytes (stored at −40 to −20�C) was measured during
2014–2015 using inductively coupled plasma mass spectrometry
(ICP-MS; Agilent 7700x, Agilent Technologies) with an octopole
reaction system operated in hydrogen mode (Lu et al. 2015).
Before the analyses, approximately 0:2 mL of erythrocytes were
diluted 1:25 in an alkali solution [2% (wt:vol) 1-butanol, 0.05%
(wt:vol) ethylenediaminetetraacetic acid (EDTA), 0.05% (wt:vol)
Triton X-100, 1% (wt:vol) ammonium hydroxide (NH4OH and
20 lg=L internal standard; Sigma-Aldrich]. The samples were
vortex mixed, sonicated for 5 min, and centrifuged at 179× g for
2 min [MSE centrifuge, Super Minor, MSE UK]. The limit of
detection (LOD) was <0:002 lg=L, and no samples were below
this limit. Quality control was performed by including commer-
cial reference materials for blood (Seronorm™ Trace Elements
Whole Blood L-1, lot 1103128, and L-2, lot 1103129), and the
obtained results were in good accord with the recommended val-
ues (see Table S1). Some of the blood samples included in the
present study (n=426) were analyzed in 2007 (after being stored
frozen at −20�C or −40�C since collection in 2001–2003) via
ICP-MS following acid digestion; details of this method and of
the related quality control have been described in detail elsewhere
(Kippler et al. 2009). The results from the two analytical methods
were highly correlated, although the selenium concentrations
from the alkali method were consistently 10% lower than those
from the acidic method (Lu et al. 2015). Therefore, to improve
the comparability of results across both methods, selenium con-
centrations derived using the acidic method were multiplied by
0.90. To adjust for differences in hematocrit, Ery-Se was
expressed in micrograms per gram Hb (Skröder et al. 2015;
Stefanowicz et al. 2013). In addition to selenium, we also meas-
ured concentrations of arsenic, cadmium, lead, zinc, and manga-
nese in erythrocytes as described in detail elsewhere (Kippler
et al. 2009; Lu et al. 2015).

We recently reported that seleniumconcentrations in hair corre-
lated positively with concentrations in erythrocytes (Spearman’s
rank correlation coefficient of 0.54 for samples representing the
timeof bloodcollection) in children from the samestudypopulation
(Skröder et al. 2017).Therefore,wealsousedhair seleniumconcen-
trations to assess seleniumstatus at the 10-y follow-up.

Hair samples were cut from the occipital part of the children’s
heads using 18/8 stainless steel scissors and were transported in
high-quality paper envelopes to Karolinska Institutet (Stockholm,
Sweden) for analyses (Skröder et al. 2017). A sample of 2 cm of
hair (closest to the scalp) was washed in 2% Triton X-100 solu-
tion for 1 h, rinsed 10 times with deionized water, and dried for
24 h at room temperature (∼ 23�C). Samples (approximately
50 mg) were weighed close to an alpha source (placed inside the
analytical balance) to decrease static electricity by neutralizing
the material. Then, samples were digested in a microwave diges-
tion system (UltraCLAVE, Milestone Inc.) with 2 mL of concen-
trated nitric acid (Scharlau Trace Analysis Grade; Scharlab) and
3 mL deionized water for 30 min at 250�C and a pressure of
4,000 kPa. After cooling to a temperature below 30�C, the
digested solutions were diluted with deionized water to an acid
concentration of 20% and were analyzed using ICP-MS (Agilent
7700x, Agilent Technologies). Selenium concentrations meas-
ured in a reference hair sample (NCSZC81002b, China National
Analysis Center for Iron and Steel) were consistent with the rec-
ommended value [means of 593 lg=kg and 590 lg=kg, respec-
tively (Skröder et al. 2017)]. We also repeatedly measured an in-
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house hair sample (from multiple residents of the Faroe Islands,
homogenized in liquid nitrogen in a cryogenic homogenizing sys-
tem) to assess measurement consistency over the year it took to
analyze all of the study hair samples (coefficient of variation=
12%). The LOD was 0:022 lg=kg, and no samples had a concen-
tration below this value. In addition, we analyzed the concentra-
tion of mercury in hair as described elsewhere (Gustin et al.
2017).

Urinary selenium (U-Se) is a measure of recent intake (within
3 d; Hawkes et al. 2008), in contrast to Ery-Se, which is a marker
of average intake over approximately 2–3 months owing to the
long life span of erythrocytes (Nève 1995), and hair selenium,

which represents average intake over approximately one month
per centimeter counting from the scalp (Lemire et al. 2009;
Skröder et al. 2017). However, because urine was the only avail-
able biological medium at 5 y, we measured selenium in urine
samples collected at both 5 and 10 y of age. Children’s urine was
collected at 5 and 10 y of age in combination with home inter-
views (Hamadani et al. 2011). All samples were frozen and were
transported to Karolinska Institutet for analysis. The samples
were diluted 1:10 in 1% nitric acid, and the selenium concentra-
tions were measured using ICP-MS as described above for eryth-
rocytes and as previously described for urine in younger children
from the same study population (Skröder Löveborn et al. 2016).

Figure 1. Flow chart for recruitment into the present study. GW, gestational week; HAZ, height-for-age z-score; HOME, modified version of Home
Observation for Measurement of the Environment; SES, socioeconomic status.
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All samples were above the LOD (0:007 lg=L at 5 y and
0:013 lg=L at 10 y). Quality control was performed by including
commercial reference materials for urine [Seronorm™ Trace
Elements Urine Blank OK4636, Seronorm™ Trace Elements Urine
NO2525, Seronorm™ Trace Elements Urine 1011644, Seronorm™
Trace Elements Urine 1011645 and National Institute of Standards
and Technology (NIST) Standard Reference Material® 2670a], and
the results for these samples were in line with recommended values
(see Table S1). We also measured concentrations of arsenic, cad-
mium, and lead in urine at both 5 and 10 y, and we measured con-
centrations of manganese in drinking water collected at the 10-y
follow-up (Kippler et al. 2012, 2016). All concentrations in urine
were adjusted to the average specific gravity (1.012) to compensate
for variations in dilution (Nermell et al. 2008).

Outcome Assessment
Children’s cognitive function at 5 y was assessed using the third
edition of the Wechsler Preschool and Primary Scale of
Intelligence™ (WPPSI-III) at the nearest health care facility
(Wechsler 2002). WPPSI-III was slightly modified for use in
Bangladeshi children (Hamadani et al. 2011). We used seven
subtests of WPPSI-III: information (0–34 points), vocabulary
(0–43 points), and comprehension (0–38 points) were summed to
form the verbal score. Block design (0–40 points), matrix reason-
ing (0–29 points), and picture completion (0–32 points) formed
the performance score. The verbal and performance scores were
then summed together with the processing speed (Coding; 0–65
points), resulting in the full developmental score. Seven testers
were trained for conducting the WPPSI-III and were rotated
across the four health care facilities to minimize tester-related
bias. A supervisor rated 10% of all tests and found adequate inter-
observer reliability (interobserver reliability kappa>0:92; Kippler
et al. 2012).

At 10 y, the Wechsler Intelligence Scale for Children®, fourth
edition (WISC-IV), was used as described previously (Rahman
et al. 2016). This test was translated to the Bengali language and
was culturally adapted to fit the present population with slight
changes in the questions. Four female psychologists were trained
for six weeks on the included tests before the children’s assess-
ment. Interrater reliabilities were measured between each tester
and trainer, and training continued until >85% agreement was
achieved (Rahman et al. 2016). The test generates four scales:
verbal comprehension (based on vocabulary, information, and
comprehension), perceptual reasoning (based on block design,
picture concept, and matrix reasoning), working memory (based
on digit span and arithmetic), and processing speed (based on
coding and symbol search). Higher score for processing speed
indicates faster response time. In addition, the full developmental
score, which represents the child’s general intellectual ability,
was calculated as the sum of the raw scores of the subscales. We
used the raw scores from each test to avoid systematic differences
between our study population and most populations used as the
basis for standardization.

Covariates
Information about the mothers’ background characteristics was
obtained at enrollment in MINIMat [maternal age, body mass
index (BMI), education, parity; obtained at approximately GW8]
or from the HDSS [socioeconomic factors such as assets and
housing used to derive the socioeconomic status (SES)]. Family
SES was assessed via a wealth index based on information on
items such as family ownership of assets, housing structure, and
dwelling characteristics (Gwatkin et al. 2000). This information
was updated at the follow-up at 10 y. Maternal and paternal

education was expressed as the number of years of formal school-
ing and was updated at the follow-ups at both 5 and 10 y. In addi-
tion, Raven’s Coloured Progressive Matrices™ test was per-
formed when mothers brought their children to the health care
facilities at the 5-y follow-up and was used to assess maternal
nonverbal IQ in terms of abstract logical reasoning (Hamadani
et al. 2011;Raven et al. 2003; n=1,530). To assess the quality and
quantity of children’s stimulation at home, we used a modified
version of Home Observation for Measurement of the
Environment (HOME) at 5 and 10 y (Bradley et al. 2003;
Caldwell 1967). The HOME consists of questions regarding
responsibility, encouragement of maturity, emotional climate,
learning materials and opportunities, enrichment, family compan-
ionship, family integration, and physical environment. The ques-
tions were translated into the Bengali language, and seven
questions were dropped because the mothers could not understand
them owing to cultural irrelevance. Children’s birth anthropome-
try was measured by the attending nurse, or by trained paramedics
for those having home delivery, using standard methods (Persson
et al. 2012). At each developmental testing taking place at the
health care facilities, the children’s height was measured using a
stadiometer (seca 214, Leicester Height Measure; seca), and
weight was measured using a digital scale (Tanita HD–318;
Tanita). These measures were converted to age- and gender-
standardized z-scores (height-for-age, HAZ; weight-for-age,
WAZ; BMI-for-age, BAZ) using the WHO growth references (de
Onis et al. 2007; WHO 2010). At the follow-up at 5 y, information
on the type of school [none, primary, Madrasa (Islamic), kinder-
garten, Maktab, or nonformal] was collected, and this information
was updated at the follow-up at 10 y [none, public primary,
Madrasa, nongovernmental organization (NGO; nonprofit pri-
vate), or English medium (private)]. Finally, at the 10-y follow-
up, we also collected information about the number of years of
children’s formal education and the number of children in the
family; we also measured children’s Hb in peripheral blood (fin-
ger prick) using a HemoCue photometer (Hemocue AB).

Statistical Analysis
Statistical analyses were performed using Stata (version 12,
StataCorp). A p-value <0:05 was considered statistically signifi-
cant. Because U-Se values at 5 and 10 y of age were somewhat
right skewed, Spearman correlation was used to assess bivariate
associations between continuous variables (Ery-Se, U-Se, hair
selenium, maternal IQ, age, BMI, parity, maternal and paternal
education, SES, Hb, gestational age and weight at birth,
HOME, HAZ, WAZ, and BAZ), whereas associations between
categorical variables [gender, tester, type of school, paternal
job status, and selenium concentrations above or below cut-offs
(see below)] were assessed using the Mann-Whitney U-test or
the Kruskal-Wallis, chi-squared, or Fisher’s exact test. The
seven testers at the 5-y follow-up were grouped into three cate-
gories based on scoring owing to a low number of children
scored by some of the testers.

We visually examined all evaluated associations by plotting
the outcomes against selenium concentrations measured in the
different types of samples. Associations that appeared to be more
or less linear were modeled using multivariable-adjusted linear
regression: specifically, associations between prenatal selenium
concentrations (Ery-Se) and verbal and performance scores at 5 y
(see Figure S1); between prenatal selenium concentrations (Ery-
Se) and verbal comprehension, working memory, perceptual rea-
soning, and processing speed at 10 y (see Figure S1); and
between prenatal selenium concentrations (Ery-Se) and full de-
velopmental score at 5 and 10 y (Figure 2; see also Figure S1).
Associations that appeared to be nonlinear were modeled using
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multivariable-adjusted linear spline models: specifically, associa-
tions between 5-y U-Se and all outcomes at 5 and 10 y (Figure 2;
see also Figure S2); between 10-y U-Se and all outcomes at 10 y
(Figure 2; see also Figure S3); and between 10-y hair selenium
and all outcomes at 10 y (Figure 2; see also Figure S2). Spline
models included single knots at 34 lg=L for both 5- and 10-y
U-Se and at 665 lg=kg for 10-y hair selenium, which were gen-
erally consistent with the inflection points for the exposure–out-
come curves for all outcomes (see Figures S2, S3, and S4). The
choice of linear or linear spline models was also based on the R2

of the models, and differences between models were assessed
with the F-test for models including the full developmental score.
The linear spline regression models had significantly higher R2

values for the associations between U-Se at 5 y and full develop-
mental score at 5 y (p=0:041) and between hair selenium at 10 y
and full developmental score at 10 y (p=0:0062). For U-Se at or
10 y and full developmental score at 10 y, there were no statistical

differences between the linear spline regression models and the
linear models (p=0:84 and 0.33, respectively); thus, we chose to
show the results from the linear spline regression analyses for ease
of presentation.

We used complete subject analyses and built the regression
models using backward elimination. In the initial step, we
included covariates that are known to influence any of the
outcomes (gender and age; a priori) and variables that correlated
(Spearman, Mann-Whitney, Kruskal-Wallis, chi-squared, or
Fisher’s exact test p<0:05) with selenium concentrations at any
time point (GW14, 5 y, or 10 y) and any of the outcomes at 5 or
10 y (eight outcomes in total). The initial covariates selected
were gender and child age at testing, maternal age, BMI, parity,
maternal and paternal education, paternal job status, and SES (all
collected at enrollment); Hb at GW14; gestational age and weight
at birth; birth order at 5 y, tester, HOME, type of school attended,
HAZ, WAZ, and BAZ (all collected at 5 and 10 y); SES, years of

Figure 2. Scatter plots with smoothed lowess lines for prenatal and childhood selenium (Se) and full developmental score (raw score) at 5 and 10 y. (A)
Erythrocyte Se at gestational week (GW) 14 [lg=g hemoglobin (Hb)] and full developmental score at 5 y, (B) erythrocyte Se at GW14 (lg=g Hb) and full de-
velopmental score at 10 y, (C) urinary Se at 5 y (lg=L) and full developmental score at 5 y, (D) urinary Se at 5 y (lg=L ) and full developmental score at
10 y, (E) urinary Se at 10 y (lg=L) and full developmental score at 10 y, (F) hair Se at 10 y (lg=kg) and full developmental score at 10 y. The vertical lines in
the lower panels represent the turning point used for the knot in the linear spline regression analyses (34 lg=L for urinary Se at 5 and 10 y and 665 lg=kg for
hair Se at 10 y).
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schooling, Hb, and number of children in the family (all collected
at 10 y). We then used backward elimination of covariates that
did not improve the models and eliminated variables that were
not significant (p>0:05), starting with the variable with the high-
est p-value. The eliminations continued as long as they increased
the model R2 for at least one of the outcomes assessed with that
model. Two separate multivariable-adjusted models were built
for predicting full developmental scores at 5 and 10 y, using Ery-
Se at GW14 as the exposure variable. In the model for full devel-
opmental score at 5 y, the initial set of potential covariates
included all the variables listed above that were collected at
enrollment, birth, and at 5 y. For the model at 10 y, variables col-
lected at enrollment, birth, and at 10 y were included. When
two potential covariates were highly correlated (rS ≥ 0:60), we
selected the covariate that resulted in the greatest improvement of
the model R2 to reduce the potential for collinearity. We did not
adjust for maternal education because it was highly correlated
with SES (rS = 0:60) and paternal education (rS = 0:60), and
adjusting for paternal versus maternal education resulted in a
higher R2 value.

Thus, primary models (Model 1) for outcomes assessed at
5 y, including either longitudinal associations with prenatal sele-
nium (Ery-Se at GW14) or cross-sectional associations with
U-Se at 5 y, were adjusted for gender and age at testing, parity at
enrollment (number of children), family SES at enrollment (scale
from −5 to 5), maternal Hb at GW14 (grams/deciliter), birth
weight (grams); and, based on information obtained at the 5-y ex-
amination, tester (5 categories), HOME score (continuous), HAZ
(continuous), school type (none/primary/madrasa/kindergarten/
maktab/nonformal), mothers’ cognitive function (Raven’s Coloured
and Progressive Matrices™ test, continuous), and paternal educa-
tion (years of formal schooling).

The longitudinal associations of prenatal selenium and out-
comes assessed at 5 y were additionally adjusted for erythrocyte
manganese and zinc at GW14 (micrograms/kilogram; Model 2).
Because these elements were not measured at 5 y, there was no
Model 2 for the cross-sectional analyses at 5 y. In an additional
step (Model 3), associations with outcomes at 5 y of age were
additionally adjusted for arsenic, cadmium, and lead concentra-
tions in erythrocytes at GW14 (micrograms/kilogram, for the lon-
gitudinal analyses) or in urine at 5 y (micrograms per liter, for the
cross-sectional analyses) because the antioxidative effects of sele-
nium might be affected by these pro-oxidant neurotoxicants
(Bergkvist et al. 2010; Hamadani et al. 2011; Kippler et al.
2012). We did not adjust any model for the nutritional interven-
tion groups (one arm of which included a multiple micronutrient
capsule that contained selenium) because we used the selenium
concentrations measured at baseline (GW14), that is to say,
before the supplementation started.

The primary models for outcomes measured at 10 y (Model
1) and associations with exposures at all three time points (i.e.,
longitudinal associations with prenatal Ery-Se or with U-Se at 5
y of age and cross-sectional associations with U-Se or hair sele-
nium at 10 y of age) included gender and age at testing; gesta-
tional age at birth (in weeks); mothers’ cognitive function at 5 y;
and, based on information obtained at the 10-y examination,
number of children in the family, tester (3 categories), HOME
score, HAZ, school type (none/madrasa/NGO/primary/English
medium), SES at 10 y (scale from −10 to 10), years of schooling,
and paternal education. Model 2 was additionally adjusted for ei-
ther erythrocyte manganese and zinc at GW14 (for longitudinal
associations with prenatal selenium) or water manganese meas-
ured at 10 y (micrograms per liter; for cross-sectional associa-
tions with U-Se or hair selenium at 10 y). Model 3 included all
Model 1 covariates plus either erythrocyte arsenic, cadmium, and

lead concentrations at GW14 (micrograms per kilogram; for lon-
gitudinal associations), or urinary arsenic, cadmium, and lead
concentrations at 5 y (micrograms per liter; for longitudinal asso-
ciations with U-Se at 5 y), or hair mercury (micrograms per kilo-
gram) and urinary arsenic, cadmium, and lead concentrations at
10 y (micrograms per liter; for cross-sectional associations). We
checked that the residuals of all regression models were normally
distributed using quantile-quantile plots and residual versus fitted
plots.

In our previous study of prenatal selenium status (measured at
GW30, in contrast with GW14 in the present analysis) and meas-
ures of cognitive function at 1.5 y of age in children from the
same study population (Bayley Scales of Infant Development®
and measures of comprehensive and expressive language devel-
opment based on principles of the MacArthur Communicative
Development Inventory; n=750), we noted some evidence of
variation in associations between girls and boys (Skröder et al.
2015). Therefore, we also performed a qualitative comparison of
associations stratified by gender in the present analysis. In addi-
tion, we assessed whether there were any statistical differences
between the estimates for girls and boys using the Wald test.

Results

General Characteristics and Selenium Status
The main characteristics of the mothers and children included in
the study, by girls and boys (n=1,408) or by hair selenium above
and below 665 lg=kg (n=1,330), are shown in Table 1 (see also
Table S2 for U-Se above and below (34 lg=L) at 5 (n=1,234)
and 10 y (n=1330). The mean ages at developmental testing
were 5.4 (5th–95th percentile: 5.3–6.4) and 9.5 (9.4–9.7) y. In
general, the children were lean and short, with approximately
33% being stunted [<− 2 SD of HAZ, WHO cut-off (WHO
2010)] at 5 y and 28% at 10 y, and approximately 40% were
underweight (<− 2 SD of WAZ, WHO cut-off) at both 5 and 10
y of age. Girls appeared to be more underweight at both 5 and 10
y (45% vs. 40% underweight girls vs. boys, respectively, at both
5 and 10 y). In addition, girls scored lower than boys in the cog-
nitive subtests at 10 y, but there was no difference in the scores at
5 y. At 5 y, 288 of the 1,408 children (20%; 127 girls and 161
boys) did not attend any school; at 10 y, only 8 children (0.6%;
5 girls and 3 boys) did not go to school.

The girls had approximately 10% lower mean U-Se concen-
trations at both 5 and 10 y, and they had slightly lower mean hair
selenium at 10 y (Table 1). In bivariate analyses, selenium con-
centrations at all time points were correlated with each other
(Table 2). Ery-Se at GW14 correlated with several of the out-
comes at both 5 and 10 y, and U-Se at 5 y correlated with
all outcomes measured at both 5 and 10 y. Similarly, both
U-Se and hair selenium at 10 y correlated with all outcomes
at 10 y (Table 2).

Prenatal Selenium and Children’s Cognitive Function
at 5 and 10 y
In the multivariable-adjusted linear regression analyses, Ery-Se at
GW14 was positively associated with all outcomes at 5 and 10 y
(Table 3), but associations were stronger for the outcomes meas-
ured at 10 y than for those measured at 5 y. None of the associa-
tions for the outcomes at 5 y was markedly affected by adjusting
for essential elements (manganese and zinc in erythrocytes at
GW14; Model 2). The estimates for full developmental score,
perceptual reasoning, and processing speed at 10 y increased by
18–42% after adjusting for the essential elements; however, the
estimates for working memory and verbal comprehension were
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Table 1.Main characteristics of mothers and children included in the study by girls and boys (n=1,408) and hair selenium below and above 665 lg=kg
(n=1,330).

Characteristic n

All
(n=1,408)
Mean±SD

Girls
(n=671)

Mean±SD

Boys
(n=737)

Mean±SD p-Valuea

Hair Se<665 lg=kg
(n=1,296)
Mean± SD

Hair Se ≥665 lg=kg
(n=34)

Mean±SD p-Valuea

Mothers
Parity at GW8b 1,408 1:5± 1:4 1:5± 1:4 1:4± 1:4 0.30 1:5± 1:4 1:2± 1:6 0.17
SES at GW8 1,408 −0:14± 2:3 −0:17± 2:3 −0:12± 2:3 0.67 −0:14± 2:3 0:50± 1:9 0.11
Ery-Se at GW14 (lg=g Hb) 1,408 0:45± 0:11 0:45± 0:11 0:45± 0:11 0.41 0:45± 0:11 0:51± 0:15 0.012
Ery-Zn at GW14 (lg=kg) 1,408 8156± 2303 8190± 2384 8124± 2228 0.70 8145± 2302 8389± 2036 0.62
Ery-Mn at GW14 (lg=kg) 1,408 20± 7:5 20± 7:4 20± 7:5 0.66 20± 7:5 19± 5:1 0.62
Ery-As at GW14 (lg=kg) 1,408 7:6± 8:1 7:4± 7:4 7:7± 8:7 0.55 7:5± 8:1 6:0± 5:4 0.43
Ery-Cd at GW14 (lg=kg) 1,408 1:1± 0:69 1:0± 0:72 1:1± 0:66 0.12 1:1± 0:69 0:96± 0:49 0.68
Ery-Pb at GW14 (lg=kg) 1,408 77± 45 76± 44 78± 1:6 0.59 77± 45 76± 32 0.77
Raven’s score at 5 y 1,408 25± 12 25± 12 25± 12 0.28 25± 12 27± 12 0.24
Education at 5 y (y) 1,408 4:6± 4:0 4:6± 4:0 4:6± 4:0 0.73 4:6± 4:0 5:9± 3:9 0.049
Education at 10 y (y) 1,408 5:1± 3:7 5:1± 3:7 5:2± 3:7 0.63 5:1± 3:7 6:2± 3:4 0.10
Paternal educationat 5 y 1,399 5:0± 4:5 4:9± 4:5 5:2± 4:4 0.20 5:0± 4:5 6:5± 3:8 0.045
Paternal education at 10 y 1,408 5:4± 4:3 5:3± 4:3 5:5± 4:3 0.42 5:4± 4:3 6:6± 3:8 0.075
Children at birth
Birth weight (g) 1,327 2690± 390 2640± 370 2740± 400 <0:001 2700± 390 2700± 460 0.88
Gestational age at birth (wk) 1,408 39± 2:1 39± 2:1 39± 2:2 0.012 39± 2:2 40± 1:2 0.027
Children at 5 years
Age (y) 1,408 5:4± 0:13 5:4± 0:13 5:4± 0:13 0.42 5:4± 0:13 5:4± 0:16 0.41
HAZ (z-score) 1,408 −1:6± 0:92 −1:6± 0:88 −1:6± 0:96 0.77 −1:6± 0:92 −1:3± 1:1 0.17
HOME 1,344 8:6± 4:8 8:7± 4:8 8:5± 4:9 0.37 8:5± 4:8 11± 5:1 0.0024
Tester (%) 1,408 0.45 0.81
Tester 1 8 9 7 8 6
Tester 2 78 77 79 78 76
Tester 3 14 14 14 14 18

School type (%) 1,408 0.059 0.16
None 20 18 22 20 29
Primary 23 23 23 23 26
Madrasa 5 4 4 5 6
Kindergarten 6 6 6 6 12
Maktab 29 27 31 29 21
Nonformal 17 20 14 17 6

U-Se (lg=L) 1,357 14± 6:6 13± 6:3 15± 6:7 <0:001 14± 6:4 17± 9:5 0.033
U-As (lg=L) 1,357 101± 118 100± 115 102± 120 0.66 102± 119 84± 85 0.33
U-Cd (lg=L) 1,357 0:29± 0:28 0:31± 0:33 0:27± 0:23 0.058 0:29± 0:28 0:24± 0:15 0.46
U-Pb (lg=L) 1,357 4:6± 3:5 4:7± 3:7 4:5± 3:3 0.31 4:6± 3:6 4:4± 2:7 0.92
Full developmental score 1,408 79± 22 80± 22 79± 22 0.29 79± 22 82± 24 0.46
Verbal score 1,408 33± 11 33± 11 33± 11 0.57 33± 11 33± 18 0.54
Performance score 1,408 34± 7:8 34± 7:7 34± 8:0 0.69 34± 7:8 35± 8:8 0.39
Children at 10 y
Age (y) 1,408 9:5± 0:095 9:5± 0:090 9:5± 0:10 0.96 9:5± 0:095 9:5± 0:072 0.86
HAZ (z-score) 1,408 −1:4± 0:94 −1:5± 0:95 −1:4± 0:93 0.33 −1:4± 0:94 −1:2± 1:1 0.24
HOME 1,408 27± 4:9 27± 4:8 27± 5:1 0.0063 27± 4:9 29± 6:2 0.15
Tester (%) 1,408 0.14 0.59
Tester 1 26 25 28 27 18
Tester 2 25 27 23 25 32
Tester 3 24 22 25 23 26
Tester 4 25 26 24 25 24

School type (%) 1,408 <0:001 0.93
None 10 5 15 11 9
Madrasa 3 3 3 3 0
NGO 77 84 70 77 79
Primary 9 7 12 9 12
English medium 1 1 0 0 0

Years of schooling 1,408 3:1± 1:0 3:2± 0:97 2:9± 1:1 <0:001 3:1± 1:0 3:3± 1:0 0.14
SES 1,408 0:0012± 2:6 0:028± 2:6 −0:023± 2:5 0.98 −0:017± 2:6 0:79± 3:1 0.055
U-Se (lg=L) 1,403 15± 6:1 14± 5:7 15± 6:3 <0:001 15± 6:1 17± 6:9 0.0088
U-As (lg=L) 1,403 107± 123 110± 125 104± 121 0.96 106± 123 113± 99 0.47
U-Cd (lg=L) 1,403 0:29± 0:22 0:30± 0:23 0:28± 0:21 0.078 0:29± 0:22 0:24± 0:15 0.13
U-Pb (lg=L) 1,403 1:9± 1:5 1:9± 1:3 1:9± 1:6 0.39 1:9± 1:3 2:0± 1:2 0.54
Hair Se (lg=kg) 1,334 487± 84 478± 85 496± 82 <0:001 482± 77 701± 41 <0:001
Hair Hg (lg=kg) 1,334 799± 684 807± 473 791± 840 0.083 803± 689 661± 449 0.037
Water Mn (lg=L) 1,408 895± 1164 942± 1247 852± 1082 0.90 885± 1144 1017± 1459 0.84
Full developmental score 1,408 133± 33 131± 33 134± 34 0.16 132± 33 138± 44 0.32
Verbal comprehension 1,408 37± 11 36± 10 37± 11 0.043 37± 10 39± 14 0.29
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very similar after the adjustment (Table 3). When adjusting Model
1 for toxic elements (erythrocyte arsenic, cadmium, and lead at
GW14; Model 3), the estimates at both 5 and 10 y were not mark-
edly affected.

When stratifying Model 1 by gender, we found positive asso-
ciations for both girls and boys. The estimates for the outcomes
at 5 y were marginally stronger for the girls, although they were
not significantly different from the estimates for the boys
(p>0:25 for all outcomes; see Figure S5). The estimates were
also marginally stronger for the girls for all outcomes at 10 y;
however, the 95% confidence intervals were largely overlapping,
and there was an indicated statistical difference in the estimates
for working memory only (p=0:078; Figure 3).

Urinary Selenium at 5 y and Children’s Cognitive Function
at 5 and 10 y
In the linear spline regression analyses using U-Se at 5 y as a
marker of selenium status, we found positive associations for all
outcomes at 5 y up to the spline knot at 34 lg=L, although they
were not statistically significant (Table 3). Additionally adjusting
for toxic elements (arsenic, cadmium, and lead in urine at 5 y)
did not improve the associations between U-Se and the outcomes
(Model 3, Table 3). Above the spline knot, the associations with
outcomes at 5 y were inverse. However, there were only 20 chil-
dren with such high U-Se concentrations. When stratifying the
analyses (Model 1) by gender, we found no statistical difference
between the estimates below the spline knot for girls and boys for
full developmental score (p=0:49), performance score (p=0:76),
or verbal score (p=0:11), or above the spline knot for any out-
come (p>0:13 for all outcomes).

Concerning the outcomes at 10 y of age, we found significant,
positive associations between U-Se at 5 y (up to the spline knot
at 34 lg=L) and perceptual reasoning (Table 3). This association
did not change markedly when adjusting for toxic elements (uri-
nary arsenic, cadmium, and lead at 5 y; Model 3, Table 3). After
stratifying by gender, we found essentially no differences
between girls and boys below the spline knot (p for difference
between estimates: full developmental score, p=0:55; verbal
comprehension, p=0:92; processing speed, p=0:42; perceptual
reasoning, p=0:63; working memory, p=0:88); or above the
spline knot (full developmental score, p=0:61; verbal compre-
hension, p=0:067; processing speed, p=0:84; perceptual rea-
soning, p=0:89; working memory, p=0:79).

Selenium Status and Children’s Cognitive Function at 10 y
In the multivariable-adjusted linear spline regression analyses
with both selenium status and outcomes at 10 y of age, we found
positive associations between hair selenium (below the spline
knot at 665 lg=kg) and full developmental score, verbal compre-
hension, and working memory (Table 4). Additionally adjusting
for water manganese did not change the estimates markedly
(Table 4, Model 2). Furthermore, adjusting Model 1 for concur-
rent exposure to toxic elements (urinary arsenic, cadmium, and
lead and hair mercury; Model 3), did not affect the estimates for
hair selenium (<10% change for all outcomes). Above the spline
knot, we found significant inverse associations for full develop-
mental score, working memory, and processing speed, even
though there were only 34 children with such high concentra-
tions. When using U-Se instead of hair selenium, we found asso-
ciations in the same directions as for hair selenium below and

Table 1. (Continued.)

Characteristic n

All
(n=1,408)
Mean±SD

Girls
(n=671)

Mean±SD

Boys
(n=737)

Mean±SD p-Valuea

Hair Se<665 lg=kg
(n=1,296)
Mean± SD

Hair Se ≥665 lg=kg
(n=34)

Mean±SD p-Valuea

Perceptual reasoning 1,408 32± 12 30± 11 33± 12 <0:001 32± 11 34± 16 0.53
Working memory 1,408 30± 6:2 29± 6:0 30± 6:2 <0:001 30± 6:1 30± 8:5 0.38
Processing speedc 1,408 34± 12 36± 12 33± 12 <0:001 34± 12 34± 12 0.63

Note: Ery-As, erythrocyte arsenic; Ery-Cd, erythrocyte cadmium; Ery-Mn, erythrocyte manganese; Ery-Pb, erythrocyte lead; Ery-Se, erythrocyte selenium; Ery-Zn, erythrocyte zinc;
GW, gestational week; Hair Hg, hair mercury; Hair Se, hair selenium; HAZ, height-for-age z-score; HOME, quality and quantity of children’s stimulation at home assessed using a
modified version of Home Observation for Measurement of the Environment; NGO, nongovernmental organization; SES, socioeconomic status assessed via a wealth index based on
information on family ownership of e.g. assets, housing structure, and dwelling characteristics (Gwatkin DR et al. 2000); U-As, urinary arsenic; U-Cd, urinary cadmium; U-Pb, urinary
lead; U-Se, urinary selenium; Water Mn, water manganese.
aMann-Whitney U-test, chi-squared, or Fisher’s exact test.
bGW8 corresponds to enrollment into Maternal and Infant Nutrition Interventions in Matlab (MINIMat).
cHigher processing speed indicates faster response time.

Table 2. Spearman correlations [rS (p-value)] for selenium measurements at gestational week 14, 5 y, and 10 y (n=1167− 1408).

Ery-Se GW14 U-Se 5 y U-Se 10 y Hair Se 10 y

Hair Se 10 y 0.13 (<0:001) 0.19 (<0:001) 0.23 (<0:001) 1.0
U-Se 10 y 0.069 (0.012) 0.26 (<0:001 )
U-Se 5 y 0.14 (<0:001)
Full developmental score 5 y 0.049 (0.080) 0.13 (<0:001) NA NA
Verbal score 5 y 0.033 (0.24) 0.11 (<0:001) NA NA
Performance score 5 y 0.056 (0.048) 0.10 (<0:001) NA NA
HAZ 5 y 0.019 (0.50) 0.15 (<0:001) NA NA
WAZ 5 y −0:037 (0.19) 0.10 (<0:001) NA NA
Full developmental score 10 y 0.058 (0.031) 0.17 (<0:001) 0.11 (<0:001) 0.12 (<0:001)
Verbal comprehension 10 y 0.025 (0.35) 0.14 (<0:001) 0.12 (<0:001) 0.13 (<0:001)
Perceptual reasoning 10 y 0.050 (0.063) 0.18 (<0:001) 0.10 (<0:001) 0.10 (<0:001)
Working memory 10 y 0.052 (0.090) 0.12 (<0:001) 0.078 (0.0047) 0.11 (<0:001)
Processing speed 10 ya 0.066 (0.013) 0.11 (<0:001) 0.057 (0.039) 0.053 (0.053)
HAZ 10 y −0:0081 (0.6) 0.13 (<0:001) 0.11 (<0:001) 0.071 (0.0099)
WAZ 10 y −0:0023 (0.93) 0.13 (<0:001) 0.094 (<0:001) 0.087 (0.0015)

Note: Ery-Se, erythrocyte selenium; GW, gestational week; Hair Se, hair selenium; HAZ, height-for-age z-score; NA, not applicable; U-Se, urinary selenium; WAZ, weight-for-age
z-score.
aHigher processing speed indicates faster response time.
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above the spline knot at U-Se 34 lg=L, although they were not
significant (Table 4).

When stratifying Model 1 by gender, we found positive asso-
ciations for both girls and boys (below the spline knot at
665 lg=kg), although the estimates were generally stronger for
the girls (Figure 4). In particular, the estimate for the association
between hair selenium and working memory was 0.49 [95% con-
fidence interval (CI): 0.11, 1.1] for the girls, compared with 0.18
(95% CI: −0:36, 0.72) for the boys. However, differences in esti-
mates were not significant below the spline knot (Figure 4) or
above the spline knot (p>0:39 for all outcomes).

Discussion
To our knowledge, this large longitudinal study is the first to
assess the impact of both prenatal and childhood selenium status
on child development. Together with our previous findings of a
positive association between maternal selenium status in preg-
nancy (Ery-Se) and language comprehension and psychomotor
development at 1.5 y of age in a subset of 750 children from the
same cohort (Skröder et al. 2015), the present results provide

evidence that adequate selenium status is important for long-term
brain development. We found positive associations between
maternal Ery-Se in early pregnancy (n=1,408) and the outcomes
at 10 y in particular, where an increase from the 5th to the 95th
percentile (median 0:44 lg=g Hb, corresponding to 148 lg=kg)
was associated with an estimated mean increase in full develop-
mental score of 8.1 points (95% CI: 3.8, 13), corresponding to an
increase of 0.24 SD. For the cross-sectional evaluation at 10 y
(n=1,330), a linear spline model with a single knot (at
665 lg=kg; 98th percentile) revealed that an increase from the
5th to the 95th percentile in hair selenium was associated with an
average increase in full developmental score of 5.9 points (95%
CI: 1.3, 11), corresponding to 0.18 SD. The direction of the asso-
ciation changed from positive to negative for children with higher
hair selenium concentrations (≥665 lg=kg), although estimates
for this group were based on only 34 children. Similar patterns
were found for children tested at 5 y of age; however, the short-
term exposure biomarker (U-Se) used at 5 y resulted in more
imprecise associations. Taken together, the results indicate that
both prenatal and childhood selenium status influence brain de-
velopment. The findings seem robust even after adjustment for

Table 3.Multivariable-adjusted regression analyses (linear for Ery-Se, linear spline with knot at 34 lg=L for U-Se) for selenium status in early life and cogni-
tive function in childhood.

Outcomes

Ery-Se GW14
(per 0:1 lg=g Hb)

U-Se at 5 y
(<34 lg=L, per 10 lg=L)

U-Se at 5 y
(≥34 lg=L, per 10 lg=L)

n B (95% CI) p-Value n B (95% CI) p-Value n B (95% CI) p-Value

5 ya

Model 1 1,260 1,214 20
Full developmental score 0.94 (0.027, 1.9) 0.044 1.1 (−0:57, 2.8) 0.19 −8:6 (−17, 0.13) 0.054
Verbal score 0.47 (−0:0072, 0.95) 0.054 0.51 (−0:38, 1.4) 0.26 −4:4 (−8:9, 0.17) 0.059
Performance score 0.27 (−0:078, 0.62) 0.13 0.033 (−0:62, 0.69) 0.92 −3:2 (−6:6, 0.15) 0.062

Model 2 1,260
Full developmental score 0.97 (−0:16, 2.1) 0.094 NA NA
Verbal score 0.41 (−0:18, 1.0) 0.17 NA NA
Performance score 0.32 (−0:11, 0.76) 0.14 NA NA

Model 3 1,260 1,214 20
Full developmental score 0.99 (0.0051, 2.0) 0.049 1.2 (−0:51, 3.0) 0.17 −8:2 (−17, 0.72) 0.071
Verbal score 0.46 (−0:054, 0.98) 0.079 0.67 (−0:24, 1.6) 0.15 −3:8 (−8:4, 0.86) 0.11
Performance score 0.25 (−0:13, 0.63) 0.19 0.056 (−0:62, 0.73) 0.87 −3:1 (−6:6, 0.29) 0.073

10 yb

Model 1 1,408 1,149 18
Full developmental score 2.2 (1.0, 3.3) <0:001 2.5 (−0:033, 5.0) 0.053 1.1 (−12, 14) 0.87
Verbal comprehension 0.50 (0.12, 0.89) 0.010 0.49 (−0:35, 1.3) 0.25 −1:5 (−5:8, 2.8) 0.50
Perceptual reasoning 0.53 (0.079, 0.98) 0.021 1.2 (0.18, 2.2) 0.020 3.1 (−20, 8.1) 0.23
Working memory 0.38 (0.14, 0.62) 0.002 0.34 (−0:18, 0.86) 0.20 −0:13 (−2:8, 2.5) 0.92
Processing speedc 0.75 (0.29, 1.2) 0.001 0.52 (−0:50, 1.5) 0.32 −0:37 (−5:5, 4.8) 0.89

Model 2 1,408
Full developmental score 2.6 (1.2, 3.9) <0:001 NA NA
Verbal comprehension 0.50 (0.051, 0.95) 0.029 NA NA
Perceptual reasoning 0.75 (0.22, 1.3) 0.006 NA NA
Working memory 0.39 (0.11, 0.67) 0.006 NA NA
Processing speedc 0.94 (0.40, 1.5) 0.001 NA NA

Model 3 1,408 1,149 18
Full developmental score 2.2 (1.0, 3.4) <0:001 2.5 (−0:12, 5.1) 0.061 1.0 (−12, 14) 0.88
Verbal comprehension 0.51 (0.10, 0.92) 0.014 0.52 (−0:34, 1.4) 0.24 −1:4 (−5:8, 3.0) 0.53
Perceptual reasoning 0.56 (0.081, 1.0) 0.022 1.2 (0.18, 2.2) 0.021 3.2 (−2:0, 8.3) 0.23
Working memory 0.37 (0.12, 0.62) 0.004 0.25 (−0:28, 0.78) 0.35 −0:28 (−3:0, 2.4) 0.84
Processing speedc 0.78 (0.30, 1.3) 0.002 0.53 (−0:50, 1.6) 0.32 −0:44 (−5:7, 4.8) 0.87

Note: CI, confidence interval; Ery-Se, erythrocyte selenium; GW, gestational week; Hb, hemoglobin; NA, not applicable; U-Se, urinary selenium.
aAnalyses of outcomes at 5 y are adjusted as follows: Model 1 is adjusted for children’s gender, parity and family socioeconomic status (SES) at enrollment, birth weight, Hb at
GW14, age at testing, height-for-age z-score (HAZ), modified Home Observation for Measurement of the Environment score (HOME), testers, school type, mothers’ cognitive func-
tion, and paternal education (all assessed at 5-y follow-up). Model 2 is Model 1 further adjusted for erythrocyte zinc and manganese at GW14 (prenatal analyses). There is no Model 2
for the concurrent analyses because there were no exposure markers for zinc or manganese available at 5. Model 3 is Model 1 further adjusted for erythrocyte cadmium, lead, and ar-
senic at GW14 (prenatal analyses) or urinary arsenic, cadmium, and lead at 5 y (cross-sectional analyses).
bAnalyses of outcomes at 10 y are adjusted as follows: Model 1 is adjusted for children’s gender, gestational age at birth, age at testing, number of children in the family, HAZ,
HOME, testers, school type and years of schooling, family SES, and paternal education (all assessed at 10 y), and mothers’ cognitive function assessed at 5 y. Model 2 is Model 1 fur-
ther adjusted for erythrocyte zinc and manganese at GW14 (prenatal analyses). There is no Model 2 for the longitudinal analyses with U-Se at 5 years because there were no exposure
markers for zinc or manganese available at 5 y. Model 3 is Model 1 further adjusted for erythrocyte cadmium, lead, and arsenic at GW14 (prenatal analyses) or urinary arsenic, cad-
mium, and lead at 5 y (longitudinal analyses with U-Se at 5 y) or urinary arsenic, cadmium, lead, and hair mercury at 10 y (cross-sectional analyses).
cHigher processing speed indicates faster response time.
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multiple potential confounders. The estimated selenium-related
mean increases in some outcome scores were higher in girls than
in boys, consistent with a greater potential benefit in girls,
although the estimates were imprecise and the differences were
small.

Very few prospective studies have assessed the impact of pre-
natal selenium status on child cognition. Following our previous
study (Skröder et al. 2015), a Polish study (n=410) reported that
maternal plasma selenium during the first trimester (mean±SD,
48:3± 10:6 lg=L) was positively associated with motor develop-
ment at 1 y of age and with language development and cognitive
function (borderline significant) at 2 y of age (Polanska et al.
2016). Similarly, a Greek study (n=575) showed a borderline
positive association between maternal U-Se (23± 8:6 lg=L) and
children’s cognition (McCarthy Scales of Children’s Abilities) at
4 y of age (Kippler et al. 2016). However, a recent Spanish study

suggested an inverse relationship between serum selenium in
the first trimester (79:7± 7:9 lg=L) and child neuropsycholog-
ical development at approximately 1 y of age (Bayley Scales
of Infant Development; n=650) above 86 lg=L (Amorós
et al. 2017). Moreover, a U.S. study found no association
between fairly high Ery-Se concentrations during pregnancy
(206 lg=L; n=872) and cognitive function at 7.7 y (Oken et
al 2016). Considering the marked variation in selenium levels
across studies, there appears to be some consistency concern-
ing the importance of selenium for brain development at
lower selenium levels. However, further studies are warranted
to evaluate potential susceptibility factors.

There are also a few cross-sectional studies concerning child-
hood selenium status and cognition. In Bangladesh, a positive
association was found between blood selenium and motor func-
tion in 9.6-y-old children (n=303; Parvez et al. 2011). A Chinese

Figure 3. Estimates (B-coefficient) and 95% confidence interval (CI) (straight line) for associations between all outcomes at 10 y and erythrocyte selenium
(Se) [per 0:1 lg=g hemoglobin (Hb)] at gestational week (GW) 14, stratified by gender (n=671 girls and 737 boys). p-Value for difference between estimates
(Wald test). Adjustments: gestational age at birth, age at testing, mothers’ cognitive function assessed at 5 y, number of children in the family, height-for-age
z-score (HAZ), modified version of Home Observation for Measurement of the Environment score (HOME), testers, school type and years of schooling, family
socioeconomic status (SES), and paternal education (all assessed at 10 y).

Table 4.Multivariable-adjusted linear spline regression analyses for concurrent selenium status (urinary and hair selenium) and cognitive function at 10 years
(n=1,330).

Outcomes

U-Se at 10 y, <34 lg=L
(per 10 lg=L, n=1316)

U-Se at 10 y, ≥34 lg=L
(per 10 lg=L, n=14 )

Hair Se at 10 y, <665 lg=kg
(per 100 lg=kg, n=1296)

Hair Se at 10 y, ≥665 lg=kg
(per 100 lg=kg, n=34)

B (95% CI) p-Value B (95% CI) p-Value B (95% CI) p-Value B (95% CI) p-Value

10 y
Model 1
Full developmental score 1.2 (−1:3, 3.7) 0.36 −4:7 (−16, 6.2) 0.40 2.2 (0.46, 3.9) 0.013 −21 (−37, −4:9) 0.011
Verbal comprehension 0.50 (−0:33, 1.3) 0.24 −2:4 (−6:0, 1.2) 0.19 0.79 (0.23, 1.4) 0.006 −3:6 (−8:9, 1.7) 0.18
Perceptual reasoning 0.44 (−0:54, 1.4) 0.38 −2:5 (−6:8, 1.8) 0.25 0.60 (−0:072, 1.3) 0.080 −4:6 (−11, 1.6) 0.15
Working memory 0.10 (−0:42, 0.62) 0.70 −0:58 (−2:9, 1.7) 0.62 0.41 (0.054, 0.76) 0.024 −4:6 (−7:9, −1:3) 0.006
Processing speeda 0.13 (−0:87, 1.1) 0.81 0.77 (−3:6, 5.1) 0.73 0.38 (−0:31, 1.1) 0.28 −8:0 (−14, −1:6) 0.014

Model 2
Full developmental score 1.0 (−1:5, 3.6) 0.42 −4:7 (−16, 6.3) 0.40 2.1 (0.34, 3.8) 0.019 −21 (−37, −4:6) 0.012
Verbal comprehension 0.47 (−0:36, 1.3) 0.27 −2:4 (−6:0, 1.2) 0.19 0.76 (0.19, 1.3) 0.009 −3:5 (−8:8, 1.7) 0.19
Perceptual reasoning 0.43 (−0:55, 1.4) 0.39 −2:5 (−6:8, 1.8) 0.25 0.60 (−0:077, 1.3) 0.083 −4:6 (−11, 1.6) 0.15
Working memory 0.070 (−0:45, 0.59) 0.79 −0:56 (−2:8, 1.7) 0.63 0.38 (0.024, 0.74) 0.036 −4:6 (−7:9, −1:3) 0.007
Processing speeda 0.074 (−0:92, 1.1) 0.88 0.80 (−2:6, 5.2) 0.72 0.33 (−0:36, 1.0) 0.35 −7:8 (1.4, −1:5) 0.015

Model 3
Full developmental score 2.1 (−0:55, 4.8) 0.12 −4:1 (−15, 6.9) 0.47 2.1 (0.41, 3.9) 0.015 −21 (−37, −5:1) 0.010
Verbal comprehension 0.78 (−0:098, 1.7) 0.082 −2:2 (−5:8, 1.4) 0.23 0.76 (0.19, 1.3) 0.009 −3:8 (−9:0, 1.5) 0.16
Perceptual reasoning 0.69 (−0:35, 1.7) 0.19 −2:3 (−6:6, 2.0) 0.29 0.59 (−0:085, 1.3) 0.087 −4:7 (−11, 1.5) 0.14
Working memory 0.33 (−0:22, 0.88) 0.24 −0:48 (−2:8, 1.8) 0.68 0.41 (0.052, 0.76) 0.025 −4:6 (−7:9, −1:3) 0.006
Processing speeda 0.31 (−0:74, 1.4) 0.56 0.91 (−3:5, 5.3) 0.68 0.38 (−0:30, 1.1) 0.28 −8:0 (−14, −1:7) 0.014

Note: Model 1 has been adjusted as follows: children’s gender, age at testing, number of children in the family, gestational age at birth, height-for-age z-score (HAZ), modified version
of Home Observation for Measurement of the Environment score (HOME), testers, school type and years of schooling, family socioeconomic status (SES), and paternal education (all
assessed at 10 y), and mothers’ cognitive function assessed at 5 y. Model 2 is Model 1 further adjusted for water manganese at 10 y. Model 3 is Model 1 further adjusted for toxic ele-
ment (arsenic, cadmium, and lead in children’s urine and mercury in children’s hair at 10 y). CI, confidence interval; Hair Se, hair selenium; U-Se, urinary selenium.
aHigher processing speed indicates faster response time.
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study of 927 newborns showed a positive association between
cord serum selenium and scores in the neonatal behavioral neuro-
logical assessment at 3 d of age, but only up to 100 lg=L, after
which the association turned inverse (n=80; Yang et al. 2013).
This pattern suggests that the range of selenium intake that is ben-
eficial for child development may be narrow, as it is for selenium
toxicity in general, although this has not been studied extensively
(Jablonska and Vinceti 2015; Vinceti et al. 2014). We also
observed indications of inverse associations in the cross-
sectional analyses of selenium in hair and urine and the different
measures of cognitive function at 5 and 10 y in the children with
the highest selenium concentrations. However, there were few
children above the turning points of hair selenium at 665 lg=kg
(range to 822 lg=kg; n=34) and U-Se of 34 lg=L (range to
approximately 60 lg=L; n=20 and 18, at 5 and 10 y, respec-
tively). Despite the generally low selenium levels in the study
area (see below), there may well be a risk of excess selenium
intake through supplementation, particularly because people
may not be aware of the narrow therapeutic index of sele-
nium. However, further studies are needed to determine the
potential for toxic levels of different chemical forms of sele-
nium intake through supplementation or even through diet
and whether safe levels of intake may vary among different
populations.

We assessed prenatal selenium status based on selenium con-
centrations in maternal erythrocytes, which, like hair selenium,
represents average intake over a longer time period (approxi-
mately 2–3 months; Skröder et al. 2017) than plasma selenium (a
few weeks; Nève 1995) or urine (a few days; Hawkes et al.
2008). For a subsample of the study population (n=98) we previ-
ously measured plasma selenium in the beginning of the second
trimester (Li et al. 2008), and we found a strong correlation with
selenium in the erythrocytes [rs = 0:69, p<0:001 (Skröder et al.
2015)]. In that sample, approximately 60% had concentrations
<60 lg=L, indicating selenium deficiency (Fairweather-Tait
et al. 2011), which is in accord with the reported low selenium
content in the agricultural soil in Bangladesh (Ahsan et al. 2009).
Consequently, we did not have sufficient numbers of highly
exposed women to evaluate potential toxic effects of such sele-
nium levels. The children in the present cohort appeared to have
somewhat higher selenium status than their mothers, based on the
urine and erythrocyte concentrations measured in another sub-
sample of 488 mother–child (9 y of age) pairs (Skröder Löveborn
et al. 2016).

One of the suggested mechanisms for a positive effect of sele-
nium on child cognition is protection against oxidative stress
through the antioxidative properties of selenoproteins. Selenium
plays an important role in the protection of neurons to a large
extent through selenoprotein P, which is a major contributor to
selenium content in the brain (Takemoto et al. 2010; Schweizer
and Fradejas-Villar 2016). In addition, antioxidative glutathione
peroxidases have been shown to be highly active in glial cells
(Damier et al. 1993; Power and Blumbergs 2009), and thiore-
doxin reductases appear important for cerebellar function
(Schweizer and Fradejas-Villar 2016). In addition, selenium is
essential for thyroid function (Roman et al. 2014), which is im-
portant for child development.

Strengths of this study include the longitudinal study design
with measurements of a wide range of selenium levels both pre-
natally and at 5 and 10 y, as well as cognitive assessment at both
5 and 10 y. Essentially no women reported smoking or alcohol
consumption. Furthermore, we had a large sample size, and we
measured multiple exposures using ICP-MS. A limitation of this
study is that we had no plasma selenium measured in the chil-
dren, which could have simplified comparisons of selenium status
with other populations.

Conclusion
Our findings show that adequate selenium status in both fetal life
and childhood may be beneficial for children’s cognitive func-
tion. We also found evidence of adverse effects in children with
the highest selenium levels, based on small numbers of observa-
tions. Considering the high prevalence of inadequate selenium
intake throughout the world (Fairweather-Tait et al. 2011), the
results are likely relevant for other populations. The effect size
may be of little clinical relevance on an individual level because
the impact of selenium on cognitive abilities was small com-
pared with the effects of factors such as SES, schooling, paren-
tal IQ, and stimulation at home. However, on a population
level, even small decreases are of importance with respect to
the proportion of children falling below the limit for intellec-
tual disability. It is also important to stress that selenium defi-
ciency, unlike some of the other abovementioned factors, is
preventable, and that the effects of early-life selenium defi-
ciency may persist into adulthood.

Figure 4. Estimates (B-coefficient) and 95% confidence interval (CI) (straight line) for associations between all outcomes at 10 y and hair selenium (Se; below
spline knot at 665 lg=kg, per 100 lg=kg) at 10 y, stratified by gender (n=637 girls and 659 boys). p-Value for difference between estimates (Wald test).
Adjustments: gestational age at birth, age at testing, mothers’ cognitive function assessed at 5 y, number of children in the family, height-for-age z-score
(HAZ), modified version of Home Observation for Measurement of the Environment score (HOME), testers, school type and years of schooling, family socioe-
conomic status (SES), and paternal education (all assessed at 10 y).
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